Biopsied cell samples can remain in storage following an initial, unequivocally successful preimplantation genetic diagnosis (PGD). The fidelity of the DNA template for polymerase chain reaction (PCR) amplification of microtubed human preimplantation embryonic cells stored at -70°C for extended periods of time (6 months to 4 years) has been assessed. PCR protocols and specific nested primer sets for the β-globin, ZP3 and CA repeat motif successfully used for previous human embryo PGD research were employed for these studies. The results show that the DNA template of microtubed biopsied blastomere and mural trophectoderm cell samples stored for periods of up to 4 years may be successfully amplified by PCR. Specific gene sequences were able to be analysed at the 1-2 or 3-5 biopsied cell level with a 71-100% success rate. Analysis of DNA fragments amplified from the CA dinucleotide repeat locus showed that in 8/9 samples both alleles were amplified at the cellular level. No DNA contamination was detected in the stored microtubed samples, or in the experimental controls.
Introduction
Multiple cell numbers permit greater accuracy and reduce the chances of misdiagnosis during preimplantation genetic diagnosis (PGD). Duplicate or multiple biopsied cell samples from the same embryo allow comprehensive and accurate PGD by polymerase chain reaction (PCR) (Gomez et al., 1990; Sheardown et al., 1992; Muggleton-Harris et al., 1993 Pickering and Muggleton-Harris, 1995) and fluorescent in-situ hybridization (FISH) Wall et al., 1995 Wall et al., , 1996 . Preimplantation human embryo biopsy techniques were successfully extended (Muggleton-Harris, 1994 which allowed a maximum number of cell samples to be available for PGD analyses. One to two blastomeres and/or the serial biopsy of 2-5 trophectoderm cell samples were obtained from individual cultured human preimplantation embryos without impairment of the in-vitro viability .
Following an unequivocal PGD analysis on one of the cell samples the surplus microtubed cell sample(s) of the biopsied embryo may remain in storage for extended periods of time at -70°C. These studies were undertaken to assess possible adverse effects of long-term storage on the reliability and accuracy for template amplification. The advantages of using stored microtubed or cytogenetic analysed PGD cell samples for PCR screens of the genotype of archival biopsied cells may be of specific benefit following embryo transfer. Carrier detection or linkage analysis is often not possible because of early death of the fetus (Smith et al., 1997) .
For these studies specific DNA nested primers used in previous studies (Muggleton-Harris et al., 1993 Pickering and Muggleton-Harris, 1995; Smith et al., 1997) were utilized. The three sets of nested primers amplify a dinucleotide sequence repeat CA motif located within the human cardiac actin gene on chromosome 11, the β-globin gene fragment carrying the sickle cell locus, and a DNA sequence in the gene ZP3 located on chromosome 7 which encodes a glycoprotein mRNA. This protein is present in the human oocyte zona pellucida as a human sperm receptor.
A small number of the long-term (2-4 years) stored microtubed PGD cells had the requisite samples of patient-associated follicular fluid and sperm samples stored with them. Studies using a PCR protocol developed for the co-amplification of a dinucleotide (CA) repeat were undertaken to assess possible adverse effects of long-term storage on the accuracy of cell DNA amplification with regard to preferential CA allele, or allele 'drop-out' problems which are associated with amplification efficiency at the cellular level of the target locus/loci under test Pickering and Muggleton-Harris, 1995) .
Materials and methods
The use of human preimplantation embryos for this project was approved by the ethics committee of St Thomas's Hospital, UMDS, London, UK, and the Human Fertilisation and Embryology Authority, London, UK.
Processing of frozen samples for PCR amplification
As described in previous publications (Muggleton-Harris et al., 1993 Pickering and Muggleton-Harris, 1995) , the -70°C freezerstored microtubes contained the biopsied cell sample and a minimum (Ͻ10 µl) of the medium used for the biopsy procedures. The medium was either sterile serum-free H6, Ham's F10 or MCDB 104 (dependent upon the length of storage time), plus 4 mg/ml polyvinylpyrrolidone (PVP) (Sigma-Aldrich, Poole, Dorset, UK). Samples were removed from the freezer and thawed on ice. Each tube was opened carefully and 1 µl of 2 mg/ml sodium dodecyl sulphate (SDS) and 1 µl of 0.2 mg/ml proteinase K solution were expelled onto the side of the microcentrifuge tube. The tubes were then recapped and the contents spun for 2 min at 300 g in a microcentrifuge. The microcentrifuge tubes were then incubated at 37°C for 60 min followed by 5 min at 98°C. Following another brief spin, the tubes were returned to ice where the PCR reaction mix was added and amplification carried out as detailed below.
PCR amplification procedures
Gene amplification was performed in two steps using nested primers and the original PCR protocol; details are fully described in previous publications (Muggleton-Harris et al., 1993 Pickering and Muggleton-Harris, 1995) . In brief, the outer primers flanking the β-globin sequence would be predicted to amplify a target fragment of 720 bp, and those flanking the CA repeat a fragment of 380 bp. Reamplification of the two sequences was carried out in separate tubes; therefore an aliquot of reaction product was added to each of the tubes containing fresh reaction mix, one of which contained nested primers located within the β-globin fragment, predicted to amplify a target fragment of 680 bp. The other tube contained nested primers located within the CA repeat fragment predicted to amplify a fragment of 66-90 bp depending on which alleles are present in the genomic DNA (Muggleton-Harris et al., 1993 Pickering and Muggleton-Harris, 1995) . The nested primers flanking the ZP3 sequence are predicted to amplify a target fragment of 177 bp (Smith et al., 1997) .
Gel electrophoresis
Standard methods of gel electrophoresis were used for detection of amplified fragments. High-resolution gel electrophoresis using MetaPhor ® agarose (FMC, Flowgen, Sittingbourne, Kent, UK) was carried out to detect the specific alleles at the CA repeat locus Smith et al., 1997) .
Controls
Controls for the specificity of the primers, PCR conditions, external DNA contamination, false positive results, and storage time incorporated in these experiments were as follows: (i) similar disaggregated cell samples stored for periods of 6 months to 4 years were analysed using the same PCR protocol, (ii) similar cell numbers or amounts of genomic human placental DNA (Cambio, Cambridge, UK) tube preparations were amplified using the same set of primers, (iii) CA 68 repeat allele primers were used on samples of buccal cells from the operator, patient follicular fluid and sperm samples, (iv) reaction mix (minus cells or genomic DNA), and (v) wash-drops of media were processed in tubes.
Results
There appeared to be no adverse effects on PCR amplification following long-term storage at -70°C using β-globin, CA repeat and ZP3 specific primers on 1-2 or 3-5 biopsied or disaggregated microtubed human preimplantation embryonic cells in microtubes as shown in Table I . The amplification efficiency using β-globin and CA repeat primers at the cell level is similar to previous PCR results on PGD cell samples stored for 1-14 days (Muggleton-Harris et al., 1993 . Figure 1a shows an example of a gel with positive bands for the β-globin gene sequence from the amplification of archival microtubed samples from one patient of 2ϫ1 and 3ϫ2 blastomere embryonic cells, plus the parents' sperm and follicular fluid samples. The medium wash-drop and negative control are both negative showing no external or operator DNA contamination. Figure 1b shows an example of a 100% positive and efficient PCR DNA amplification of the ZP3 gene sequence from archival microtubed serial biopsied 2ϫ4 trophectoderm cell samples and the blastocyst from which the cells were biopsied. Figure 1 and Table I show the results from the amplification of template DNA of microtubed preimplantation embryonic cell samples. Storage of 1-or 2-blastomere, or 3-5-trophectodermcell samples at -70°C may be for extended periods (6 months to 4 years) of time without any detectable adverse effects on DNA template PCR amplification when using the β-globin, ZP3 and CA repeat specific gene sequence primers. Within-embryo blastomere amplification results were positive at both the 1-and 2-cell levels for the β-globin and CA repeat sequences as shown in Figure 1a ,c. Also, the ZP3 gene sequence was successfully amplified for both of the serial biopsied 4-trophectoderm-cell samples which were derived from the same biopsied blastocyst (Figure 1b) .
Both maternal and paternal alleles for the CA repeat sequence amplified in 8/9 stored PGD cell samples for which patient sperm and follicular fluid samples were also available. One out of nine the stored microtubed 1-2-cell samples amplified only one allele, indicating either maternal allele drop-out or preferential paternal allele amplification (data not shown). Figure 1c shows a gel Figure 1 . Agarose gel analysis of DNA fragments after DNA amplification by polymerase chain reaction on microtubed preimplantation embryo cell samples following long-term storage at -70°C. Separate reaction products from the nested primers are shown in (a) for the β-globin sequence, (b) for the ZP3 sequence, (c) for the CA repeat motif sequence (Metaphor gel used to detect alleles). Lanes S (a-c), DNA molecular weight marker VIII (Boehringer-Mannheim). The same DNA cell sample was used for the β-globin and CA repeat analysis in gels a and c. Lanes 1 (a, c) , one blastomere. Lanes 2 and 3, two-blastomere samples; the blastomeres were disaggregated from the same cleavage stage embryo. Lanes 4, one blastomere. Lanes 5, two blastomeres; both blastomere samples were from a second cleavage stage embryo. Lanes 6, sperm sample. Lanes 7, follicular fluid sample. Lanes 8, medium wash-drop. Lanes 9, DNA negative control. Lanes 10, positive control, 36 pg genomic DNA. Lane 1 (b), biopsied blastocyst. Lane 2 and 3 (b), serial biopsied samples of four mural trophectoderm cells from blastocyst in lane 1; these samples were stored for 4 years at -70°C. Lane 4 (b), DNA negative control. Lane 5 (b), medium wash-drop. Lane 6 (b), positive control, 36 pg genomic DNA. It should be noted that CA repeat PCR (c) gives two different allele sizes for different individuals. The CA repeat locus may differ in size by multiples of 2 bp and therefore may be any size between 66 and 90 bp. Thus in (c) the smaller allele is larger than the 75 bp standard marker. However, if the two alleles in an individual have similar sizes, then they may appear to be of the same size using this agarose separation technique, and a double band (i.e. two alleles of similar sizes) will appear brighter than the two separate single alleles, e.g. lanes 1, 2 and 3 in (c).
which detected the successful amplification with 100% efficiency for both CA repeat alleles using one or two blastomeres within embryo cell samples from two individual embryos. The CA allele bands for the blastomere cell samples from one embryo (Figure 1c, lanes 1-3) form a thick bright positive band, whereas the blastomeres from a second embryo from the same patient (Figure 1c, lanes 4 and 5) show both CA allelic bands clearly defined. The initial round of PCR-amplified DNA from these same cell samples was used for the β-globin gene PCR analysis shown in Figure 1a .
There was no DNA contamination detected in the long-term stored cell samples, media wash-drop or sperm and follicular fluid samples, or extenal/operator DNA contamination, as shown by the negative control PCR reaction mix runs (Table I; Figure 1 ).
Discussion
Given the potential genetic variability of cells from a single embryo, there is a distinct advantage to having the maximum 69 number of biopsied cells available to represent the whole embryo. The reliability and accuracy of PCR amplification for PGD is improved with increasing cell numbers (MuggletonHarris et al., 1993 (MuggletonHarris et al., , 1995 Pickering and Muggleton-Harris, 1995) . As previous results showed, cell samples in microtubes may be used for a series of PCR PGD genetic analyses at the time of biopsy. Biopsied cells surplus to requirement can then be retained as a DNA resource of the transferred biopsied embryo. Some of the cell samples analysed in these studies have been stored for Ͼ4 years. The successful PCR amplification on archival -70°C stored samples at both the cell and embryo level reported in this paper are similar to those previously reported on biopsied PGD cell samples processed using the same protocols (Muggleton-Harris et al., 1993 Pickering and Muggleton-Harris, 1995) .
When unequivocal PGD results are obtained from an initial PCR analysis the 'spare' biopsied human preimplantation embryo cell samples may either be used for additional analyses at that time, or stored for years at -70°C until required. The DNA template remains stable and can be amplified successfully at the cellular level using specific primers. With specific regard to the amplification of only one CA allele in 1/9 of the cell samples indicating a possible preferential allele amplification or allele drop-out; this may not be due to the long-term -70°C storage or lack of template fidelity, as a similar result was obtained previously on non-stored 1-2-blastomere samples. Amplification efficiency per allele at each locus increased with multiple cell template . Possible mechanism(s) have been suggested which could have a bearing on preferential allele amplification (Walsh et al., 1992) . However, as the same reagents and conditions were used for all of the PCR amplification procedures, and the maternal and paternal alleles differ by a maximum of 24 bp in size, preferential amplification due to reaction conditions or difference in length of alleles can be discounted in this particular case. Of more relevance is the suggestion that, when the initial number of genomes sampled is very small, stochastic fluctuation in the number of copies of each allele can result in what appears to be preferential amplification, or that less efficient priming occurs for one allele due to mismatches of primer and allelic template. However, the fact that as 8/9 of the cell samples analysed in these studies amplified both CA alleles provides evidence that human preimplantation embryonic cell DNA remains stable throughout long-term storage at -70°C and is not degraded.
The results described in this paper demonstrate that the DNA of long-term (1-4 years) -70°C microtubed single human cells from assisted conception procedures is stable, and can be amplified by PCR without DNA contamination. Stored individual 'failed fertilized' or non-fertilized human oocytes, spermatozoa, follicular cells and surplus biopsied preimplantation embryonic cells would provide a valuble DNA resource following therapeutic assisted conception and/or PGD techniques, resulting in live births. Sufficient samples of the patients' follicular fluid and spermatozoa should always be prepared, and some stored for future use with the surplus PGD samples.
If the total PGD cell samples derived from an individual embryo are used for PCR and/or cytogenetic/FISH analysis, an alternative source of PGD DNA template is available for genetic analysis. Recent studies have shown that archival fixed, stained, cytogenetic analysed oocyte metaphase spreads, or fixed, stained and/or FISH analysed human embryonic cell preparations (Wall et al., , 1996 may be used for a retrospective PCR analysis using a modified PCR protocol (Smith et al., 1997) .
